Background: Alzheimer's disease (AD) is the most common cause of dementia in the elderly and the sixth leading cause of death in the United States. AD is mainly considered a complex disorder with polygenic inheritance. Despite discovering many susceptibility loci, a major proportion of AD genetic variance remains to be explained.
was almost universally replicated, BIN1 [16] [17] [18] , CLU [17] [18] [19] [20] , CR1 [17, 19, 20] , CD2AP, CD33, MS4A4E, MS4A6A, EPHA1 [17, 21] , and PICALM [17] [18] [19] have been associated with the polygenic form of AD in different studies [22, 23] . The narrow-sense heritability (h 2 ) of AD (i.e., the proportion of its phenotypic variance explained by additive genetic variance) has been estimated to be 58-79% by twin studies [24] . Furthermore, Ridge et al. (2016) , using a linear mixed models (LMMs) framework, found out that 53% of phenotypic variance of AD can be explained by ~8 million single-nucleotide polymorphisms (SNPs). They also noticed that SNPs inside known AD-associated genes or within their 50 kb up-/downstream regions can only explain ~31% of AD phenotypic variance (~59% of genetic variance) [23] , leaving a sizable portion of its h 2 to be explained.
In this study, we investigated the genetic architecture of polygenic AD through genome-wide association(GWA), transcriptome-wide association, and gene-based analyses in four independent datasets (two with family designs and two with population designs) using genetic information for approximately two million genotyped and imputed SNPs. Since exploring the genetic sex disparity of AD was of particular interest, in addition to analyzing the entire sample of males and females in each dataset, two alternative plans were also considered in which either only males or only females were included in analyses.
Methods

Study Participants
Four independent datasets were used to fulfill the aims of this study: 1) Late-Onset Alzheimer's Disease Family Study from the National Institute on Aging (NIA-LOADFS) [25] , 2) Framingham SNP Health Association Resource (SHARe) project from Framingham Heart Study (FHS) [26] [27] [28] , 3) SNP Typing for Association with Multiple Phenotypes from Existing Epidemiologic Data (STAMPEED) project from Cardiovascular Health Study (CHS) [29] , and 4) the University of Michigan Health and Retirement Study (HRS) [30] . All four were approved by the institutional review boards (IRBs) and had gathered data after obtaining written informed consent from participants or their legal guardians/proxies. Details about the designs of NIA-LOADFS, FHS, CHS, and HRS studies can be found in the original publications. Our study focused on people of Caucasian ancestry from the four aforementioned studies to increase the sample size and power of the analyses. The LOADFS and FHS datasets directly identify cases with Alzheimer's disease and unaffected controls. For the CHS and HRS datasets, International Classification of Disease codes, Ninth revision (ICD-9) were used to define cases and controls. Finally, to make the four datasets comparable in terms of participants age, we only included the original and offspring cohorts from the FHS dataset. Table S1 lists the numbers of cases and controls included in our study.
Imputation of Genotype Data
Since the four datasets of interest were genotyped using different platforms, imputation was conducted to generate a common set of 2,928,658 SNPs. Only autosomal SNPs were subject to imputation. Genome coordinates of SNPs in our data (NCBI build 38/UCSC hg38) were lifted over to NCBI build 37/UCSC hg19 using liftover software [31] . After removing duplicate SNPs, pre-imputation quality control (QC) was performed using plink software [32] to remove low-quality SNPs/subjects by setting the following QC criteria: minor allele frequency < 0.01, SNPs and subject call rates < 95%, Hardy-Weinberg p-values < 1E-06. For the LOADFS and FHS cohorts that have family-based designs, a Mendel error rate of 2% was set to remove SNPs and subjects/families with high Mendelian errors. Strand alignment was checked using the SHAPEIT2 package [33] to ensure that allele calls are consistent between our and reference data.
Haplotype phasing was then conducted using SHAPEIT2 to estimate the haplotypes for subjects in each dataset. Finally, genotypes were imputed by Minimac3 software [34] over pre-phased haplotypes. SHAPEIT2 and Minimac3 were run using default values for input arguments and European population (EUR) haplotypes from 1000 Genomes Phase 3 data (release October 2014) as the reference panel.
Post-imputation QC
Directly genotyped SNPs along with the imputed SNPs, for which the squared correlation (r 2 ) between imputed and expected true genotypes were above 0.7, were selected for pre-analysis QC. This step was performed based on the same criteria explained above for pre-imputation QC. Table S2 contains information on the numbers of genotyped and imputed SNPs that remained in each of the four datasets of interest after QC.
Population Structure
The top 20 principal components (PCs) of genotype data were obtained through principal component analysis (PCA) to be included in downstream genetic analyses to address potential population stratification. In each dataset, PCA was performed over a subset of unrelated individuals and a subset of SNPs that were not in high linkage disequilibrium (LD) measured by r 2 [35] . KING software [36] was used to obtain the subset of unrelated subjects by keeping one subject per family or relative cluster whose identity-by-descent (IBD) were above 0.0884 (i.e., closer than third-degree relatives). The genotyped autosomal SNPs on each chromosome were then pruned by plink software [32] in an unrelated set of subjects such that no SNP pairs with r 2 > 0.2 were kept within any 100-SNPs windows. PCA was then conducted over the selected low-LD SNPs with the GENESIS R package [37] . Table S3 contains genomic inflation factors (λ values) resulted from logistic regression models for the four datasets under consideration. The λ values were less than 1.1 in all cases, indicating a subtle impact of population structure on our analyses [38, 39] .
GWA Analysis
The associations between SNPs and AD were investigated by fitting logistic regression models. The genetic analyses of each dataset were performed under three alternative plans analyzing 1) the entire sample, 2) only males, and 3) only females. The top 5 PCs and subjects birth cohort were included in the models as fixed-effects covariates. In addition, sex was considered as a fixed effect covariate under plan 1. Only additive genetic effects were modeled; dominance effects were ignored. The logistic models were fitted using plink software [32] . It was previously suggested that for samples with family-based design, ignoring family relationships would not generate considerable bias in effect sizes of SNPs but may increase type I error rates whose magnitude depends on pedigree complexity (e.g., nuclear family vs. extended family) and trait heritability. For instance, the inflation of type I error rates has been suggested to be trivial in datasets with simple pedigrees. On the other hand, type I error rates may increase by a factor of two to three when family structure is ignored in a dataset with an extended family pedigree and trait heritability values of 0.6-0.9. Therefore, a two-step screening-validating approach could be used with such datasets to prevent inflation of type I error rates and decrease the computational burden of analysis [40] . For the LOADFS and FHS cohorts, we adopted a two-step approach in which the SNPs with p-values < 0.05 in the logistic models explained above were subjected to fitting generalized linear mixed models (GLMMs) by including all aforementioned fixed-effects covariates along with family IDs as a random effect covariate.
GLMMs were fitted using lme4 R package [41] .
All GWA analyses were conducted in a discovery-replication manner. Each of the LOADFS, FHS, CHS, and HRS datasets was considered as a discovery set to detect SNPs in significant associations with AD. Results from the discovery stage in a particular dataset were then subject to further replication in the remaining three datasets. At the discovery stage, a genome-wide significance level < 5E-08 was set to select statistically significant associations, and SNPs with p-values between 5E-08 and 5E-06 were considered as suggestive AD-associated markers. A significance threshold of 0.05 was considered during the replication stage.
Finally, a conventional fixed-effects meta-analysis, using the inverse variance method, was conducted over the results under each plan from the four investigated datasets to obtain combined statistics for the tested SNPs. To avoid missing heterogeneous associations of opposite directions of effects, we also performed a meta-analysis on absolute values of coefficients in addition to the conventional meta-test.
The results were interpreted according to the significance level at the discovery phase. The meta-analysis was performed using GWAMA software [42] .
Significant findings from GWA analyses were compared to previous studies using the GRASP search tool [43] . Also, LD between significant SNPs and previously detected AD-associated loci in their 1 Mb flanking regions (r 2 ≥ 0.4) was investigated in the CEU population (i.e., Utah Residents with Northern and Western European Ancestry) through the HaploR R package [44] and LDlink web-tool [45] .
Gene-based Analysis
Under each of three aforementioned plans, gene-based analysis was performed over the meta-analysis results using the fastBAT method [46] implemented in the GCTA package [47] . This method combines zstatistics of a set of SNPs corresponding to each gene into a quadratic form of a multivariate normal variable. SNPs located within a gene or its 50 kb up-/downstream regions were considered as an SNP set for that gene. The HRS dataset was used as the reference panel for LD calculation (i.e., r 2 metric), and SNP pruning process in which one of each pair of SNPs with an r 2 above 0.9 was removed from any given set.
To deal with multiple-testing issue, the false discovery rate (FDR) method suggested by Benjamini and Hochberg was used to rank and select significant findings [48] . Genes with significant p-values at the FDR level of 0.05 were considered as novel AD-associated ones if there were no SNPs with P < 5E0−8 in their 1 Mb up-/downstream regions in the current or previous studies.
Transcriptome-wide Association Analysis
Results from conducted meta-analyses along with summary data from a publicly available expression quantitative trait loci (eQTLs) study [49] were used to perform transcriptome-wide association analysis using SMR software [50] . The eQTLs summary data were downloaded from the SMR website. Both cisand trans-eQTLs were of interest. Trans-eQTLs were defined as eQTLs located at least 5 Mb away from a probe on the same chromosome or located on other chromosomes. Probes for which at least one eQTL with P < 5E-08 had been detected by Lloyd-Jones et al. (2017) [49] were included in our analyses provided that the corresponding eQTLs were among the genotyped or imputed SNPs in our study. This resulted in the inclusion of sets of up to 8257 probes with cis-eQTLs and 2763 probes with trans-eQTLs.
The significance of p-values resulting from SMR testing (i.e., PSMR) were interpreted at an FDR level of 0.01 to 0.05. The appropriate FDR level for each of three analysis plans was chosen so we can ensure that the number of possible false-positive findings among significant probes was less than 1. As the aim of this analysis was to identify pleiotropic effects of SNPs on gene expression levels and AD development, probes with significant PSMR were then subject to heterogeneity testing (i.e., the HEIDI test) which can differentiate pleiotropy (or causality) from linkage [50, 51] . Genes corresponding to probes that passed both SMR and HEIDI tests (i.e., significant PSMR and PHEIDI ≥ 0.05) were deemed significant as their expression profiles might be associated with AD because of the pleiotropic effect of a single causal variant that affects both probe expression and AD susceptibility. Selected genes were considered potentially novel AD genes if there were no SNPs with P < 5E-08 within their 1 Mb up-/downstream regions in the current or previous studies.
Availability of data and materials
The LOADFS, FHS, CHS, and HRS datasets are available through the dbGaP repository for qualified researchers (https://www.ncbi.nlm.nih.gov/gap).
Results
i. GWA Analysis
GWA analyses were performed in four independent datasets (i.e., LOADFS, FHS, CHS, and HRS). Each of these datasets served as discovery set to detect SNPs with significant association signals (at either a genome-wide significance level < 5E-08 or the suggestive level between 5E-08 and 5E-06), which were then subject to further replication (at significance level of 0.05) in the other three datasets. Finally, results from the individual datasets were combined through meta-analysis and interpreted according to the significance level at the discovery phase. Tables S4-S9 provide an overview of replicated and meta-analysis sets of SNPs that were significantly associated with AD in males and females combined (plan 1) or separately (plans 2 and 3). Figures S1-S6 show the Manhattan and QQ plots of the GWA results in the four investigated datasets, as well as in the conducted meta-analyses under these three plans. In general, SNPs with p-values smaller than the genome-wide significance threshold were mostly located on chromosome 19 .
Replicated sets of SNPs: The replicated sets of SNPs under plans 1-3 contained 36, 26, and 30 SNPs, respectively (Tables S4-S6 ). These SNPs had significant p-values at the genome-wide level or suggestive level of associations at the discovery stage and were then replicated in another dataset. Notably, 14, 11, and 10 replicated SNPs, respectively, had not been previously associated with AD. Tables 1-3 summarize their information. The other SNPs had some evidence of direct association signals [43] . Among previously detected SNPs, rs9597722 (plan 1) [52] , rs9882471 (plan 2) [53] , and rs1359176 (plan 3) [54] were nominally associated with AD in previous studies (5E-06 ≤ P < 5E-02). Most of the newly detected SNPs were located inside a previously well-known susceptibility region for AD on chromosome 19q13 (i.e., APOE cluster genes region) and were mostly significant under different analysis plans. This subset of newly detected SNPs mostly had p-values less than 5E-08, the same directions of effects in discovery and replication datasets, and significant p-values (at genomic or suggestive level of significance) in metaanalysis. On the other hand, newly detected SNPs outside of the chromosome 19q13 region were mostly plan specific (except rs62402815). For example, SNPs that were significant in males were not significant in females. Also, they did not always have the same directions of effects in different datasets. Among these SNPs, rs62402815 under plans 1 and 3, and rs28385458 and rs726411 under plan 2 had the same direction of effects in multiple datasets. In addition, the association signals of this subset of newly detected SNPs were significant only at the suggestive level of associations (except rs62402815, which had a genome-wide level significant p-value of 1.2E-08 in females). Most of these SNPs did not have p-values smaller than 5E-06 in conventional fixed-effects meta-analyses, which might be partially due to the heterogeneity of their effects across different datasets. These heterogeneous effects were reflected by high i 2 inconsistency metrics and significant Q-statistics in Cochran's heterogeneity test (Pq < 0.05). A metaanalysis based on the absolute values of the coefficients confirmed a substantial role of heterogeneity by providing smaller p-values for most of these SNPs.
Although no evidence of direct association with AD was found in previous studies for the newly detected subsets of replicated SNPs, their 1 Mb up-/downstream regions harbor AD-associated SNPs. We therefore investigated their LD with AD-associated loci in their 1 Mb flanking regions in the CEU population [45] .
Newly detected SNPs were considered novel AD markers if their p-values were smaller than those of the top AD-associated SNPs in their neighborhood or they were not in LD (r 2 ≥ 0.4) with previously ADassociated loci whose p-values were smaller than those detected in this study. SNPs on chromosome 19q13 mostly had larger p-values than top AD-associated loci in their neighborhood and were in LD with them. On the other hand, the p-values of SNPs located outside chromosome 19q13 region were mostly smaller than the previously detected association signals in their flanking regions and were not in LD with such loci. Table S10 contains LD information about those newly detected SNPs for which proxy ADassociated loci have been reported. Tables S7-S9 show that 17, 4, and 24 SNPs that were not among replicated sets of SNPs under analysis plans 1-3 passed the significance threshold in meta-analysis. The meta-analysis p-values of these SNPs were mostly significant at the level of suggestive associations, except for rs57537848 and rs76366838 on chromosome 19q13 with P < 5E-08 in females. Also, they were mostly located outside chromosome 19q13 and were plan specific. For example, significant SNPs in males were not significant in females and vice versa. In addition, most (14, 3, and 24 SNPS under plans 1-3, respectively) were not associated with AD in previous studies [43] . Summary information about the newly detected subset of meta-analysis sets of SNPs can be found in Tables 4-6. As with replicated sets of SNPs, the newly detected SNPs not on chromosome 19q13 either had smaller p-values than the ones reported for their nearby AD-associated loci or were not in LD with their corresponding AD-associated SNPs (Table   S10 ).
Meta-analysis sets of SNPs:
ii. Gene-based Analysis
The significant findings from gene-based analyses corresponding to plans 1-3 are summarized in Table 7 . Under all plans, most genes with significant p-values at the FDR of 0.05 were located in the chromosome 19q13 region. Since chromosome 19q13 region harbors several SNPs with p-values less than 5E-08 in both current and previous studies, significant genes in this region are not discussed here as they do not meet the criteria set for detecting novel AD genes. The only significant genes outside this APOE cluster region were LINC00158 under plan 1 and LINC00158, MIR155HG, MIR155, LINC00515, MRPL39, and JAM2 genes under plan 3. None of the SNPs inside or in 1 Mb flanking regions of these genes had significant p-values at the genome-wide level in our study, although several had suggestive level p-values in conducted metaanalyses under plans 1 and 3. Also, SNPs in their nearby regions were only nominally associated with AD (8.0E-04 < P < 5E-02) in previous studies [53] [54] [55] [56] [57] .
iii. Transcriptome-wide Association Analysis a. Analyzing probes with cis-eQTLs: We found that 10, 17, and 15 probes/genes had significant p-values in SMR test under plans 1-3, respectively. The significant FDR level for interpreting the results from SMR test was set to 0.05 under plan 1 and 0.025 under plans 2 and 3 to ensure that the expected number of falsepositive findings was less than 1. Of these, only 4, 8, and 4 probes/genes (with PSMR < 6.03E-05) passed heterogeneity testing (PHEIDI ≥ 0.05). Table 8 contains information about these 16 probes/genes, their top eQTLs, and respective p-values. The top eQTLs corresponding to these probes/genes were all nominally significant in our GWA analyses (2.01E-04 ≤ PGWAS ≤ 2.47E-02). Moreover, we did not identify any SNPs with significant p-values at the genome-wide significance level within 1 Mb of these genes. However, several SNPs within 1 Mb of MS4A6A [17, 21, 58, 59] and UQCC [60] were associated with AD with P < 5E- [62] were previously associated with AD at the suggestive level of associations.
b. Analyzing probes with trans-eQTLs: No probe passed both SMR and HEIDI tests under analysis plans 1 and 3. However, 7 probes had significant PSMR at the FDR level of 0.05 under plan 2, of which only one probe mapping to SFN gene on chromosome 1p36 passed the HEIDI test ( Table 8 ). The corresponding top eQTL was located on chromosome 4p16 in the intronic region of the MAEA gene and was nominally associated with AD in our study (PGWAS = 4.10E-04). There were no significant association signals at the genome-wide significance level in the SFN gene or its 1 Mb flanking regions in current or previous studies.
Discussion
The genetic architecture of AD has been widely studied in recent years, and so far more than 60000 SNPs have been associated with AD with P < 0.05. Of these, 281 SNPs (mapped to 49 genes) and 593 SNPs (mapped to 165 genes) had significant p-values at the genome-wide and suggestive levels of associations, respectively [43] . Despite these efforts, a major proportion of h 2 of AD has remained unexplained.
Exploring the genetic risk factors contributing to AD is highly important from a precision medicine perspective where the goal is to personalize diagnostic and therapeutic interventions. The current study provides further insight into the genetic architecture of AD through GWA, transcriptome-wide association, and gene-based analyses of four independent datasets.
Our GWA analyses corroborated the associations of a number of previously detected AD loci and revealed some significant novel association signals. Among previously detected AD-associated SNPs, we found several SNPs with p-values that were smaller than those reported before. Also, the significant association signals for two SNPs inside chromosome 19q13 region (i.e., rs10426423 from the meta-analysis set of SNPs under plan 1, and rs769450 from the replicated sets of SNPs under plans 1 and 3) were previously reported only in African-Americans (p-values of 2.6E-8, 9.9E-7, and 5.3E-27, respectively [63] ). Most newly detected AD-associated SNPs, particularly those outside chromosome 19q13 region, can be considered as novel AD markers because their p-values in our study were smaller than those for other AD-associated loci in their 1 Mb up-/downstream regions or they are not in LD with such loci. For instance, as seen in Tables 1-6 that summarize the replicated and meta-analysis sets of SNPs, 13, 9, and 21 novel ADassociated SNPs were detected under plans 1-3, respectively.
In the gene-based analysis, LINC00158, MIR155HG, MIR155, LINC00515, MRPL39, and JAM2 genes were significantly associated with AD when the entire sample of individuals and/or only females were analyzed.
These genes are located near each other on chromosome 21q21 in a ~332 kb region. The APP gene implicated in early onset familial AD is also located 163-449 kb from these genes. There were no ADassociated SNPs with p-values smaller than 5E-08 within their 1Mb in current or previous studies [43] .
However, there were several SNPs with significant p-values at the suggestive level of associations in that chromosomal region among meta-analysis sets of SNPs under plans 1 and 3. The SNPs in the 1 Mb up-/downstream regions of these genes were previously associated with some potential AD risk factors such as type 2 diabetes, hypertension, coronary artery disease, and lipid profile changes at the genome-wide significance level. They have also been associated with traits such as alcohol and nicotine co-dependence, age at onset of Parkinson's disease, and pattern recognition memory at the suggestive significance level of association [43] . Furthermore, functional studies have provided insight into the potential roles of some of these genes in AD pathogenesis. LINC00158 and LINC00515 encode two long intergenic non-coding RNAs, and MIR155HG and MIR155 encode two microRNAs. MIR155 overexpression was previously implicated in downregulation of complement factor H (CFH) expression in AD and other neurodegenerative diseases. CFH encodes a regulatory protein that prevents spontaneous immune system activation [64] . MRPL39 encodes a mitochondrial ribosomal protein involved in the oxidativephosphorylation pathway. Impaired mitochondrial function has been reported in neurons of patients with AD [65, 66] . Lunnon et al. (2017) reported that the expression levels of MRPL39 and another nearby gene (i.e., ATP5J involved in the oxidative-phosphorylation pathway) were slightly reduced in AD patients compared to controls [65] . JAM2 encodes a membrane protein found at the tight junctions of epithelial and endothelial cells that acts as an adhesive ligand for immune cells. It belongs to the immunoglobulin super-family of adhesive molecules that has been implicated in AD pathogenesis [67] . Also, duplication of a ~600 kb region on chromosome 21 containing the JAM2, ATP5J, and APP genes has been reported in autosomal dominant AD [68] .
In transcriptome-wide association analyses, the expression level of 17 probes/genes passed both SMR and HEIDI tests, indicating that causal variants influencing the expression of these genes may also have pleiotropic effects on developing AD [50, 51] . It should be noted that although using data from eQTLs studies on blood is not ideal for capturing associations between the brain-specific transcriptome and AD, however, it increases the power of SMR analysis since such studies take advantage of more samples compared to tissue-specific eQTLs studies [50] . Except for MS4A6A and UQCC genes, no significant SNPs with P < 5E-08 were detected within 1 Mb of the other genes in our GWAS or previous reports [43] , although several SNPs with P < 5E-06 were reported in regions around TRA2A [59] , IRAK3 [61] , and ESPN [62] . This is likely due to the insufficient sample sizes and, consequently, the lack of power of conducted GWAS [50] . Taken together, all these genes except MS4A6A and UQCC can be considered as novel potential AD-associated genes. Further follow-up functional analyses are needed to explore their potential roles in AD pathogenesis. Among significant genes detected in females, a pathologic hexanucleotide repeat expansion in the C9orf72 gene has been linked to frontotemporal dementia and may contribute to AD pathogenesis [69] [70] [71] [72] . Also, the GNAI3 gene was reported to be overexpressed in AD intact mice compared to AD impaired ones [73] . Moreover, SNPs in 1 Mb up-/downstream regions around these genes have been previously associated with some other traits (e.g., autoimmune diseases or serum cholesterol levels) with P < 5E-06. Examples include associations of SNPs corresponding to ATG10 with vascular dementia, ABCB9 with college completion and years of education, MED30 with rheumatoid arthritis and fasting blood glucose, LPXN with inflammatory bowel disease, GNAI3 with total and low-density lipoprotein cholesterol (LDL) and major depression, and SFN with high-density lipoprotein cholesterol (HDL) [43] .
Finally, of particular interest was to investigate the sex disparity in the genetic basis of AD. Addressing sex differences in biomedical research has been emphasized by the National Institutes of Health as an approach that can eventually bolster the personalized medicine paradigm [11, 13] . Our results revealed a number of new sex-specific genetic contributors to AD at SNP, gene, and transcriptome levels. For instance, most of the newly detected SNPs, particularly SNPs outside of chromosome 19q13, were sex specific. Another level of sex disparity was observed in the gene-based and transcriptome-wide association analyses. Notably, none of the novel AD-associated genes detected in males were among significant genes in females and vice versa.
In summary, our study revealed significant associations of 54 novel SNPs at suggestive or genomic levels of significance (Tables 1-6 ). Most (39) of these SNPs were located outside of 19q13 (i.e., APOE cluster genes region) and were not in LD (r 2 ≥ 0.4) with SNPs previously associated with AD with P < 5E-06. Also, 23 genes located outside the chromosome 19q13 region showed evidence of association with AD at the FDR level of 0.05 in our transcriptome-wide association and gene-based analyses. Most of these ADassociated SNPs and genes were sex specific, indicating sex disparities in the genetic basis of AD. By detecting a number of novel AD-associated SNPs and discovering suggestive associations of several genes and transcripts, our study provides new insight into the genetic architecture of AD. Particularly, identifying sex-specific genetic contributors can advance our understanding of AD pathogenesis. Further studies, possibly with larger sample sizes, are needed to clarify the genotype-phenotype relationships in AD.
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